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Abstract 
Current goals for energy efficiency and carbon reduction from the building sector require that much of the existing 
building stock undergo deep-energy retrofitting, a practice that involves the facade. While new buildings are the most 
frequent subjects of aggressive performance goals like zero net energy (ZNE), the conversion of existing buildings to 
enhanced efficiency presents a far greater opportunity to recast the sustainability of the built environment. Yet 
achieving zero net energy in existing buildings is far more formidable than the abundant challenge presented by new 
buildings. The practices utilized in accomplishing these façade upgrades will determine whether they are a net benefit 
or just another burden to the economy, society, and environment. This paper explores the potential of curtainwall 
technology to contribute to the pursuit of zero net energy performance. Curtainwall systems and renovation practices 
are examined from the standpoint of energy performance and other sustainability considerations. A ZNE-ready façade 
strategy is proposed. The conclusions recommend an incremental approach to transformation of the building stock 
towards zero net energy goals facilitated by the application of adaptive curtainwall technology on both new and 
existing buildings. 
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1. Zero Energy Buildings: An Aggressive Operational Energy Goal 
The Energy Independence and Security Act of 2007 (EISA 2007) established the goal of zero net 
energy use for all new U.S. commercial buildings by 2030, with further zero net targets of 50% of all new 
and existing commercial buildings by 2040, and the 100% conversion of the commercial building sector 
by 2050. In support of these ambitious goals, the U.S. Department of Energy (DOE) has set the supporting 
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objective of the creation of the technologies and knowledge base required for the cost-effective 
implementation of zero net energy commercial buildings. Attempts by researchers to define what 
constitutes a zero net energy building and appropriate metrics to evaluate zero net energy performance 
predate EISA and remain ongoing. [1] 
Zero net performance is not achieved incidental to a high-performance building project, at least based 
on current high-performance building standards, but requires the dedicated commitment of an integrated 
building team with zero net energy performance as the primary goal. Decisions such as window-to-wall 
ratio will be determined by performance implications and not by the marketability of highly glazed 
facades. Lax building codes, inadequate technology, and the perceived risk potential that accompanies 
new technology, severely inhibit the pursuit of ZNE, currently relegating them to small projects by 
government agencies and other owner-occupiers with an interest in green branding.  
The consideration here is on ZNE strategies for large urban commercial buildings that embrace 
optimum energy efficiency and the generation of as much renewable energy from the building and site as 
possible. These buildings will of necessity remain grid-connected, but will ultimately utilize the grid as a 
battery, adding and drawing energy as conditions demand. Smart grid development will be an integral and 
indispensible part of achieving zero net performance at the building and community level, and ultimately, 
to the built environment as a whole. The efficiency of site-generated power, however, will significantly 
exceed that provided through the grid simply on the basis of relative transmission losses. Zero net 
strategies as a roadmap to a sustainable built environment include: 
x optimizing building energy efficiency, 
x maximizing energy production from within the building footprint and site,  
x adoption of more efficient products and technology on an incremental basis,  
x and the development of a smart utility grid distributing energy derived from renewable sources. 
The point is that even if zero net energy is currently unfeasible for existing commercial buildings, the 
pursuit of that goal must start now with achievable performance improvements, and implementation must 
anticipate repeated cycles of renovation and retrofit, adopting emergent, higher performing technology in 
a series of steps until a zero net goal is achieved. The term that is currently emerging in the dialog 
regarding the roadmap to ZNE is ‘ZNE ready’ or ‘ZNE capable’, reflecting the growing awareness that 
the established zero net goals may be overly ambitious, and that in any case, the vast majority of existing 
buildings and new buildings into the foreseeable future will not be candidates for ZNE. This is reflected in 
a recent presentation by a representative of the California Energy Commission, which recognizes great 
potential value in developing the “idea of ZNE Capable or ZNE Ready buildings,” while retaining a focus 
on the realization of “deep energy efficiency savings” when ZNE goals are currently out of range. [2] 
‘ZNE ready’ is loosely defined as buildings that “meet Energy Use Intensity (EUIs) by building type and 
climate zone that reflect best practices for highly efficient buildings.” So what does ‘ZNE ready’ mean 
with respect to the building façade? 
1.1. Prerequisite: Optimal Efficiency 
Definitions may vary, but fundamental to every legitimate definition of zero, near zero, or zero net 
energy buildings is energy efficiency and conservation. Torcellini and Pless comment, “… across all 
definitions and classifications, one design rule remains constant: reduce energy demand to the lowest 
possible level first, then address energy supply.” [3] Climate-based design practices include passive 
design strategies that should be fully developed for each application as required to minimize energy 
requirements to the greatest extent possible before renewable energy sources are considered. Passive 
strategies include building orientation and geometry, insulation, glazing placement and specification, 
overhangs and shading devices, solar thermal harvesting, utilization of thermal mass, natural ventilation, 
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and daylighting design. Climate considerations directly shape the way these strategies are implemented. 
Central to any zero energy strategy is an optimally efficient building skin. Such basics as air-tightness are 
of critical importance when pursuing zero net goals, and require renewed focus. 
2. Façade Functions 
The role of the façade in building energy performance is fundamental, contributing significantly to the 
baseline efficiency of a building. It mediates between the indoor and outdoor environment, and is a 
determining factor in thermal comfort and energy efficiency. The facade mitigates air infiltration and 
provides insulation from variations in outdoor temperature to minimize the heating and cooling loads 
required to maintain a comfortable indoor temperature range. The Energy Information Administration 
tracks building energy end use in the Commercial Buildings Energy Consumption Survey database. The 
façade affects 4 of the 11 end use categories responsible for over 50% of energy consumption (Figure 1). 
 
Fig 1. Energy end use data [4] indicating areas typically affected by the performance behavior of the building skin. These areas are 
responsible for more than 50% of energy consumption. 
Furthermore, the façade often plays a role in natural ventilation by incorporating operable windows 
and vents. Transparency in the building skin provides the all-important connection to the outdoor 
environment, and accommodates daylighting design to minimize electrical lighting loads and the cooling 
loads incidental to indoor artificial lighting. Building envelope transparency in combination with thermal 
mass can contribute to passive heating and cooling strategies. 
3. Retrofit Applications of Curtainwall Technology 
Metal curtainwall systems were developed in the early twentieth century as an innovative response to 
the emerging structural steel framing techniques for multi-story buildings. These new lightweight 
cladding systems gradually replaced the masonry infill wall practice of the time. Curtainwall systems are 
comprised of metal framing components, most typically of extruded aluminum, and infill panels of glass, 
stone, metal, or composite constructs. Curtainwall systems have been used on a wide variety of building 
types ranging from low-rise to high-rise. They are commonly employed on commercial buildings, 
particularly office buildings, but also increasingly on residential high-rise buildings.  
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Curtainwall technology is currently finding application as a façade renovation strategy on a wide 
variety of building types. The results typically improve both building energy performance and appearance, 
but the primary motivation in the majority of cases is an upgrade to the building image. Façade renovation 
is an increasing trend, and one that must necessarily accelerate dramatically if the EISA goals are to be 
supported. Recent examples include the following: 
x Old curtainwall buildings are being renovated with new curtainwall systems. The Javits Convention 
Center in New York City was recently re-skinned, a process whereby the old system is removed and 
an entirely new system installed (Figure 2a). There are hundreds of old curtainwall buildings in New 
York City alone, many in need of renovation. 
x Commercial buildings are being over-clad with new curtainwall systems, leaving the old facades of 
varying construct more or less intact. In New York City, the masonry facades of a tall building at 3 
Columbus Circle were recently over-clad, changing entirely the appearance of the building (Figure 2b). 
x Old precast facades are being removed and replaced with new curtainwall systems. The renovation of 
an older building at 680 Folsom Street in San Francisco is currently underway, including the removal 
of the original precast façade, modification to slab anchors, and the installation of a new curtainwall 
system, completely revitalizing building appearance (Figures 2c, 2d). 
 
       
Fig. 2. (a) Javits Convention Center, New York City. The curtainwall and skylight systems were removed and replaced. The facility 
was operational throughout construction; (b) 3 Columbus Circle, New York City. The original building dates back to the early 20th 
century. It was recently over-clad with a new curtainwall system leaving the original masonry façade intact. The office building was 
kept operational throughout construction; 680 Folsom Street, San Francisco; (c) The original precast façade just prior to removal; 
(d) Beginning installation of new curtainwall system. This building was vacant prior to renovation and throughout construction. 
4. Emerging Façade Technology 
ZNE is not easily achieved, requiring specialized design practices and building technology. This is 
especially true in the case of existing buildings where many of the options afforded the designer in new 
building construction are predetermined and fixed. In fact most, if not all, existing commercial buildings 
are not currently viable candidates for ZNE conversion. The Zero Energy Buildings Database [5] provided 
by the U.S. Department of Energy's Building Technologies Program lists a grand total of 10 individual 
projects with a total area of a mere 55,000 sqft (5110 sqm). Given the cumulative ZNE activity to date in 
the context of the 5 million buildings that comprise the commercial U.S. building sector, the goals 
outlined in EISA seem particularly audacious. Robust technology to support zero net strategies in existing 
commercial buildings is simply not currently available. It is particularly important then, to track emerging 
technology that may facilitate zero net goals or at least contribute to the improved energy efficiency of 
buildings. Some of these are indicated in figure 3. 
In addition, there is much room for improvement in basic curtainwall technology. Curtainwall retrofits 
are too often far from providing optimal façade performance from an energy efficiency standpoint. 
3154   Mic Patterson et al. /  Energy Procedia  57 ( 2014 )  3150 – 3159 
Curtainwall is characterized by the overuse of vision glass as a matter of preference over opaque panel 
solutions that can provide improved insulation. Even with highly insulative panels, the metal framing of a 
curtainwall system, typically of aluminum, is highly conductive and can easily compromise thermal 
performance. Thermal breaks add to the system cost but are required to optimize energy efficiency. Air 
infiltration is also a common problem. Code requirements in the U.S. for air infiltration are inadequate, 
certainly for application on a ZNE project. The industry is responding to the increasing performance 
demands, but significant development is required before curtainwall technology is available to support 
zero energy goals. 
 
 
Fig. 3. Design considerations for optimal façade efficiency include advanced glazing materials, daylighting design, shading systems, 
super insulating materials like vacuum insulated panels, and building integrated photovoltaic technology. 
5. BIPV: The Building Façade as Energy Source 
Optimizing building efficiency reduces the extreme challenge of meeting the operational energy 
requirements of a building, but it seldom eliminates them, even in the very best of circumstances. Rooftop 
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or ground-mounted PV arrays have been the go-to strategy for most of the few ZNE buildings to date. [6] 
These strategies are unsuited to mid and high-rise commercial buildings, however, because of the low 
rooftop to floor area ratio and because there is seldom much site area beyond the building footprint 
available for PV installations, particularly in the urban environment. Solar energy production in this 
building type will of necessity concentrate on façade integrated technology. Energy-producing solar 
technologies include photovoltaic (PV), both site and roof mounted, and building integrated photovoltaic 
(BIPV) systems that are woven into the fabric of the building enclosure. In most zero energy pursuits, PV 
is the technology of choice for providing site-generated power to meet the energy requirements remaining 
once a building has been optimized for energy efficiency. This is, of course, especially true in climates 
with abundant sunshine, but PV can be effective in widespread climatic conditions, especially as the 
technology becomes more efficient, and most importantly, more affordable. The DOE SunShot Initiative 
aims to tackle this aspect of the problem by reducing the cost of photovoltaic technology by about 75% 
by 2020 as a strategy for meeting 14% of electricity demand by 2030 and 27% by 2050. [7] 
New transparent PV glazing materials under development hint at an 18 percent efficiency increasing to 
20% and beyond in a range of transparency and color options. The products reportedly take advantage of 
simple, low cost, and green manufacturing processes. Critical issues include durability, aesthetics, light 
transmittance, panel size, and the scalability of the technology. BIPV options in the façade also include 
any opaque area. In curtainwall systems this includes the spandrel areas. Current façade design practice 
with curtainwall often involves minimizing the spandrel area and maximizing the vision glass to include 
floor-to-ceiling interior glass. This is often done at the expense of building energy efficiency. When 
designing for ZNE the spandrels become an opportunity to deploy PV technology. The problem faced by 
designers of mid and high-rise buildings pursuing zero net is the low ratio of façade-to-floor area; given 
the various demands on the building skin, there is just not enough façade area available to yield adequate 
power generation with current technology. As mentioned, the opportunity for rooftop mounted PV 
technology decreases with each additional floor. The highest of the few ZNE buildings to date is a mere 6 
stories (Bullitt Center, Seattle, Washington), and most are only 1 or 2 stories. If ZNE commercial 
buildings are to be realized, the building façade must become a dominant producer of energy. 
6. A Strategy of Incremental Improvements in Façade Performance 
While the great majority of existing buildings are not good short-term candidates for ZNE 
development, short-term action in reducing their energy consumption is imperative. Deep energy retrofits 
begin to address façade system efficiency. [8] Few retrofits currently address the facade for two reasons: 
cost and disruption to ongoing building operations. There is great pressure for buildings to remain 
operational throughout the renovation work because the largest potential cost to the owner is from lost 
revenues from lease holdings. Cost analysis based on payback scenarios is often unfavorable, so the 
façade systems are excluded from renovation, thereby preventing deep energy retrofit strategies.  
However, the incremental steps in improved building performance leading to the goal of ZNE will 
require façade retrofits, and in most cases, incremental renovations over a building’s lifespan as more 
robust technology becomes available. There are two very different drivers at work: 1. higher efficiency 
glazing and panel materials worthy of consideration in retrofit applications can be expected to manifest on 
a roughly 20-year cycle, and 2. the durability of these materials, particularly the glazing materials, is 
significantly less than the façade system or the building. In fact, the unlimited durability of plain annealed 
float glass in façade applications is collapsed to an approximately 20 to 30 year duration for an insulated 
glass unit (IGU).  Cavity gasses dissipate, seals fail, coatings oxidize and fog, and both appearance and 
performance suffer. The New York Javits Convention Center, constructed in the mid 1980s, recently 
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completed a renovation that included the complete replacement of the façade system. The IGUs had 
deteriorated significantly (Figures 4a, 4b). 
 
  
Fig. 4. Javits Convention Center, New York. (a) Construction progress photo; original IGUs had fogged and darkened, as seen to 
left as compared to new system on right; (b) The mirror coating on the spandrel glass had deteriorated significantly. 
The point is that within an approximate 20 to 30 year time frame, multiple motivations will likely 
emerge for façade retrofit: 
x deterioration in the appearance of façade materials, 
x a decline in product performance attributes, 
x the availability of new, higher performing products and materials, 
x a desire to change or upgrade a building’s image. 
The problem is the complete failure by the building community to anticipate and accommodate this 
easily identifiable future requirement for adaptability. 
7. Curtainwall Retrofits: Answering the Need for Adaptability 
The preceding has established that the technology to deliver robust ZNE solutions in the urban 
environment is formative, but currently unavailable, but that short-term progress in energy efficiency is 
nonetheless imperative. The conclusion is that buildings must progress in incremental steps towards zero 
net energy performance. New buildings and forthcoming renovations to existing buildings should 
anticipate and accommodate the imperative for buildings to efficiently adopt emerging technology in 
planned cycles of retrofit and renovation. This should be regarded as a fundamental attribute of ZNE-
ready building status. 
It is an indictment of past architectural practice that some of the existing high-rise buildings may not 
be adaptable to current standards of use and performance. [9] Indeed, there is cause for concern that the 
same may be found true of today’s new buildings as they age into the future. Although identified as a 
primary attribute of sustainability, the adaptability of buildings and their major assemblies is seldom 
considered in the design and construction of new buildings. The intended lifespan of a building and its 
subassemblies is most often undefined in contemporary building programs, including green buildings, 
including even LEED rated buildings up to and including Platinum level.  The designs fail to anticipate 
and accommodate the need for future retrofit and renovation of these assemblies, although the eventual 
need for retrofit of key components and subassemblies is easily predicted. This ultimately results in 
unnecessary complications, costs, and delays to needed retrofits, an increase in renovation cycles, and 
may even compromise building lifespan resulting in unnecessarily premature demolition.  
Curtainwall technology holds the potential to provide readily adaptive façade systems. Conventional 
curtainwall unit systems, however, are not designed for renovation or retrofit. The units are typically 
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installed in sequence and interlocking, making the removal of a single unit a challenge. Consequently, 
major façade renovations of curtainwall buildings typically involve the removal of the entire curtainwall 
facade and its replacement with a newly fabricated system. The glass, metal, and other infill panel 
materials that comprise the units are also not designed for easy removal and replacement. The joints of 
structurally glazed panels applied in the factory as part of the unit assembly process are often buried in the 
panel construct and difficult or impossible to access in the field. This makes the widespread retrofit of old 
glazing panels with new higher performing materials impractical in most applications.  
Arguably, the most compelling reason to develop readily adaptive envelope enclosures is in support of 
existing and emerging goals for zero net energy performance. The imperative need to employ the façade 
as an energy source in any multi-story application was established earlier. Currently available BIPV 
products, while potentially helpful, are not capable of providing nearly enough energy to accommodate 
zero net performance. In addition, these products are often prohibitively expensive when considered in 
first-cost or short-term payback analysis, and in their current form tend to compete with other important 
façade functions like the provision of daylight and view. However, this is a rich area of product 
development and significant advances in performance and reductions in cost can be reasonably 
anticipated. If transparent glazing materials with thin-film applications capable of converting solar energy 
to electricity are forthcoming, they need to be rapidly adopted. 
Performance upgrades to the building skin are currently needed on a widespread basis in the 
commercial building. Products with the capacity to provide ZNE performance are not currently available, 
and their future availability is not predictable. Energy efficiency improvements, however, cannot wait for 
new materials to become available. Therefore, the efficiency improvements to the building stock will, of 
necessity, be incremental; a series of improvements stepping towards ZNE performance as new higher 
performing materials become available. Even newly constructed buildings for some time to come will 
require incremental retrofits before zero net performance goals can be achieved. ZNE-ready façade 
systems can facilitate this process. 
8. Cassettes and Cassette Systems as an Adaptive Façade Strategy 
One strategy to achieve façade system adaptability is the use of cassettes as a subassembly of a 
curtainwall system. The term cassette is broadly applied to various façade panels and systems with a range 
of attributes and with varying motivations for their use. In consideration of adaptive façade technology, 
the key attribute of interest is the ease of installation and removal (not shared by all cassette systems).   
Cassettes of the type considered here are simply panels with an edge condition designed to facilitate 
installation and removal into a larger assembly or to a supporting sub-frame. The edge condition that 
facilitates installation and removal can take the form of a framing element, as with glazed cassettes, or can 
be integral to the panel material, as with a metal panel with a customized edge return. There are many 
ways to accomplish this; the mechanism is of no particular consequence to this discussion as long as it 
facilitates easy installation and removal, and provides all of the required façade functions with 
performance attributes equal or superior to the overall façade assembly. In most cases, optimum 
functionality will be achieved by designing the cassettes to be installed and removed from inside the 
building where access is far more convenient, especially on a multi-story building. (Figure 5) 
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Fig. 5. An early concept for a removable cassette system under development at the Advanced Technology Studio–Enclos. The goal 
is for the cassette to be easily removed and replaced from inside the building, thereby mitigating disruption to ongoing building 
operations. A section detail of the vertical mullion is show here. 
The need, then, is for adaptive façade technology that can most efficiently facilitate incremental cycles 
of retrofit and renovation. The retrofit goal is twofold with respect to ZNE ambitions: 1. to optimize the 
energy efficiency of wall systems, and 2. to provide electricity generation, most likely through 
photovoltaic processes. The strategy to fulfill the goal is the development of systems with easily 
replaceable infill panels. A curtainwall cassette approach is one means to accomplish this; there are 
certainly others. There are additional considerations beyond infill panel replacement to maximize façade 
system lifespan. Weather seals may degrade and require replacement, and exposed finishes may degrade 
to an unacceptable degree and require repair or replacement. There is equal potential for cassette systems 
to accommodate these requirements as well. The need for future wiring and other power distribution 
equipment can also be anticipated and accommodated by including wiring raceways and other devices in 
the façade systems. A ZNE-ready façade system should possess all of these attributes. 
8.1. Challenges to Cassette Wall Integration 
Adaptability is seldom achieved without some incremental cost. Cassette systems are no exception. 
Additional materials to facilitate the change out, and added fabrication steps, translate into a first-cost 
premium over conventional unit curtainwall systems. Cassette systems can provide a variety of offsetting 
benefits, however. Lifecycle cost assessment (LCCA) will reveal the cost advantages of a cassette strategy 
over a building’s lifespan by accounting for the reduced cost of future retrofit and renovation cycles. 
Unfortunately, LCCA is only rarely applied to construction projects, especially in the private sector. This 
will change as future building requirements become increasingly stringent as required to support 
sustainability goals for the built environment. 
9. Summary 
Existing buildings pose unique opportunity and challenge. While they present great potential for 
rapidly and dramatically improving the energy performance of the building sector, the challenges are 
often greater than with new construction. The important design options of siting, orientation, and 
configuration available to the designer of a new building project are givens that often burden the existing 
building. Built in a prior era of cheap energy, these decisions were typically determined with little or no 
regard as to the performance implications. These buildings are not currently viable candidates for ZNE 
 Mic Patterson et al. /  Energy Procedia  57 ( 2014 )  3150 – 3159 3159
conversion within the limits of existing technology. However, optimal energy efficiency is the 
prerequisite for ZNE, and there is great and immediate opportunity to implement performance 
enhancements in the form of deep energy retrofits, a strategy that integrates the façade in a whole building 
design process. Facade improvements will involve the adoption of new higher performing materials and 
products. This can be recognized as an iterative process proceeding in a series of incremental steps along 
the path to zero net energy performance. 
The concept of ZNE-ready is ultimately about adaptability: the design and construction of buildings 
that readily accommodate the adoption of emergent technology capable of moving them closer to ZNE. 
The façade system is a predominant factor in building adaptability with respect to both performance and 
appearance, and second only to the building structure as a means of altering building form and 
configuration. The concept of building adaptability has emerged as a sustainable design driver, but this is 
a relatively recent occurrence. Little or no consideration to future adaptability was given to the buildings 
that comprise today’s building stock. Therefore, existing façade systems typically do not lend themselves 
to easy modification or retrofit. This presents a barrier to the future application of new and more efficient 
technology, including higher performing products and technologies that can facilitate the progress toward 
zero net energy goals. Adaptive façade strategies such as the cassette curtainwall system can provide this 
important functionality, rendering the façade systems ZNE-ready. This understanding of adaptability 
should inform facade design practice, preparing the building skin for the ready adoption of new products 
as they emerge. Future façade renovation cycles should be an integral consideration in the design 
development of building skin solutions for both new and existing buildings.  
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